T h e e la stic s c a tte r in g o f 6-5 M eV d e u te ro n s b y d e u te riu m , h e liu m a n d o th e r lig h t e le m e n ts
Introduction
In previous papers (Chadwick, May, Piekavance& Powell 1944; May & Powell 1947 (see p. 170); Heitler, May & Powell 1947, (see p. 180)) which will be referred to as I, II and III respectively, experiments have been described on the scattering of the beam of 4*2MeV protons delivered by the Liverpool cyclotron. Gaseous 'targets' of the different elements were employed, the scattered particles being detected by the tracks which they produced in a photographic emulsion. This paper describes similar observations with 6-5 MeV deuterons. As in the case of the work with protons, the experiments constitute only a preliminary survey of the extensive field of investiga tion which it will be necessary to examine in detail to provide sufficient material for testing any theory of the various collision processes.
The details of the exposures given to the plates from which the present measure ments were obtained are given in table 1. Since no provision had been made for measuring the current in the defined deuteron beam, the exposure given to any plate is defined in terms of the product of the time of exposure and the current in the main beam as measured by the collecting electrode; see paper I, figure 2. The current in the defined beam is of the order of 1 % of that recorded.
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The 23 exposures in series D were obtained in the course of 2 days in January 1941, most of the measurements on the resulting plates being made in 1941 and 1943. Attention may again be directed to the great saving in the operation-time of the cyclotron which the photographic method allows for experimental work of this type. In the work with protons the scattered particles at any angle, even in the most complicated cases, consisted of only a few homogeneous groups due to the elastic or inelastic collision of the primary particles by the target nuclei. In the present experiments we meet with phenomena of much greater complexity, for the elastically scattered deuterons are in general accompanied by a-particles and protons from (d-cc) and (d-p) reactions. Further, these disintegration particles are not homo geneous but are distributed in a number of groups of different energy corresponding to the formation of the product nuclei in one or another of various possible states. As a result of the presence of the disintegration particles, the curves representing the distribution in range of the tracks observed at any angle of scattering show a number of peaks which are sometimes imperfectly resolved from one another. In experiments with deuterium, helium and oxygen, however, the elastically scattered deuterons can be clearly distinguished from other groups and their intensity, 1(d), measured in a wide range of angles. On the other hand, in the exposures with scat tering gases containing carbon, nitrogen and neon, the interpretation of the results is made difficult by the presence of proton or a-particle groups of nearly the same range as that of the elastically scattered deuterons. As a result the intensity measure ments are less reliable or are confined to restricted intervals in the value of 6.
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Energy of the primary deuterons
In I it was shown that the mean point of scattering of the primary particles changes with the angle of scattering and that there is thus a steady fall in the value of the quantity E% as 6 increases from 10 to 170°. In the previous work with protons the variation was very small but it is appreciable in the present experiments owing to the higher gas pressures employed in the camera. The actual values of E% in a par ticular exposure can be determined in the following manner:
The mean range, p\, of the elastically scattered particles at a particular value of 6, 0, is determined by measuring the length of the tracks produced by the particles in the appropriate area of the plate. Allowance is made for the loss in range which the particles suffer, in traversing the foil and the gas in the camera, before reaching the plate. From the observed value of p~, E~ can be determined from the rangeenergy relation for the particles. The value of can then be found since it is simply related to E%, 6 and the masses of the two particles interacting in the col pi can then be deduced from the range-energy relation.
If r is the internal radius of the scattering tube, s the stopping power of the gas in the camera at the pressure employed during the exposure, then the value of corresponding to 6 -\n , is given by the equation
The value for pi is employed to determine p i" and then pi can be determined for all other angles. Values of E if ollow from the range-energy relation. In making such calculations, the value of s for any gas is determined from the values of the atomic stopping power of the atoms composing it given by Livingston & Bethe (1937). It is assumed, as a sufficient approximation, that the atomic stop ping powers of the various elements do not vary with the speed of the particles in the range of energy involved.
K. M. Guggenheimer, H. H eitler and C. F. Powell angle o f sc a tte rin g , 6°F igure 1. V a ria tio n w ith 6 of E i, th e m e an en erg y o f th e p rim a ry d eu tero n s a t th e m ean p o in t o f sc atterin g .
The resulting values of E i for the exposures from which the present measure ments were obtained are shown in figure 1. It will be seen that in the case of the exposure with oxygen, E i varies from 6-5 MeV at -10° to 6-0 MeV at 170°. In the interval from 0 -40° to 6 -140°, however, the c of Ei is only 0-13 MeV, a value which we shall show to be much less than the spread in energy of the primary deuterons emerging through the defining slits from the cyclotron tank. It is in this latter range of angles that the curves representing the observed variation of the intensity of the elastically scattered deuterons display the most interesting features and we may conclude that the variation in will have no serious influence on the results.
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The range energy relation for the emulsion
We have examined the plate taken with helium as the scattering gas in consider able detail as it provides a means of testing certain important features of the method. The observations show that the elastically scattered deuterons give rise to the most prominent group in the range distributions at all angles of scattering and figure 2 shows a typical example for 6 = 12-5°. It is convenient to tran distribution in range to a distribution in energy, assuming all the particles to be protons and using the appropriate range-energy relation. The advantage of this procedure is that it gives a less extended scale, the peaks due to different groups all having approximately the same width at half maximum. In such a distribution the position of the peak due to the elastically scattered deuterons will not of course indicate the true energy of the particles. It will be seen from figure 2 that, in addition to the elastically scattered deuterons, tracks of shorter range are also present. We attribute these to protons arising from the reactions represented by the equations Hef + Hf -> H e| + HJ and Hef + Hf -> Hef + Hi + (see below).
The range of the a-particles produced by the impact of the primary deuterons on helium nuclei is too low for them to reach the photographic plate in the conditions of the exposure. Figure 3 shows the observed variation with 6 of the mean range of the elastically scattered deuterons, p8. Simple mechanical considerations (see Appe that the energy of these particles, E e 8, should vary with 6 Ee 8 = ^^(l), where $ = 8 + 0 and sin<5 = |s in 0 .
In previous work it has been assumed that the range of a particle in the emulsion bears a constant ratio to its range in air irrespective of the nature of the particle and of its speed. Although it is clear that this assumption can only be approximately true, the previous experiments suggested that any errors to which it leads are in significant in view of the limitations to the precision of the method in its present stage of development. In accordance with this assumption the full fine in figure 3 is plotted from values of the range of the scattered particles based on calculated values of E8, assuming that the stopping power of the emulsion is constant for deuterons of all energies and equal to the value for protons previously determined (10/j = 14*6 mm. of standard air; Powell 1943). The values of the mean energy of the primary deuterons for different values of , were calculated with the same assumption, from the observed range of the scattered particles at 15°. The experimental point at 15° therefore necessarily coincides with the curve.
The accuracy of the range determinations is clearly displayed in figure 3 , the average departure of the experimental points from the curve being less than 2 mm. air. Such an error corresponds to only 0*05 MeV in the estimate of the mean energy K. M. Guggenheimer, H. Heitler and C. F. Powell energ y in MeV F igure 2. O bserved ran g e d istrib u tio n a t 6= 12-5° tran sfo all p articles to be p ro to n s. P e a k (a) is due to th e elastically sc a tte re d d e u te ro n s; (b) to d isin teg ratio n p ro to n s.
angle of sc a tte rin g , 6°F igure 3. V ariatio n of th e m e an ran g e o f th e elastically sc a tte re d d eu tero n s w ith angle o f sc a tte rin g , 0. T he full line is ca lc u lated from th e observed ran g e a t 15° assu m in g th e sto p p in g o f th e em ulsion to b ea r a c o n s ta n t ra tio to th a t for air for d e u tero n s o f all energies in th e in te rv a l from 2 to 7 MeV. of the particles composing any group. Further, the consistency between the experi mental points and the full line indicates that the assumption of a constant stopping power is justified, with the precision that the method at present affords, for deuterons with energies between 6-5 and 2 MeV. The stopping power of a material for protons has the same value as that for deuterons of the same speed. The observations there fore provide additional support for the assumption that the stopping power is independent of the energy in the case of protons and deuterons. The previous experi ments (Powell 1943) indicated that such an assumption is also true for a-particles.
The constancy of the stopping power of the ordinary 'half-tone' emulsion is presumably due to the fact that most of the atoms are of carbon, nitrogen and oxygen, with a mean atomic number close to the value for air. P. Cuer, in this laboratory, has made calculations of the range-energy relation for the new ' con centrated half-tone ' emulsions (Powell, Occhialini, Livesey & Chilton 1946) in which the proportion of silver halide is greatly increased. He finds that very considerable variations of the stopping power are to be anticipated. Por work of greater precision, which becomes possible with the new emulsions, it will be important to make an accurate determination of the range-energy relation for protons, a-particles, etc., in the new emulsions. For this purpose the present method, which enables us to measure the lengths of the tracks of groups of deuterons of any desired mean energy in a continuous range of values, has certain advantages over that in which the observations are restricted to a few homogeneous groups from particular nuclear reactions. Similar measurements with protons can be made by observations of the scattering of these particles by deuterium and helium.
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Inhomogeneity in the energy of the primary deuterons
In I, the angular resolving power of the method, which depends on the distribution of the actual angles of scattering suffered by the particles producing the tracks recorded in any small area of the plate, was determined. A second important technical aspect of the method is its capacity to distinguish homogeneous groups of similar particles of different energy. This question has also been examined in previous experiments (Powell 1943) by measuring the distribution in length of the tracks produced in the emulsion by homogeneous groups of fast protons and a-particles from various nuclear transformations. Using the range-energy relation such observations can be transformed to a distribution in energy. The width at half-maximum of the peak thus obtained, in experiments with a given homogeneous group, is defined as the ' energy resolving power ' and the previous experiments indicated that this quantity has a value less than 0*3 MeV for proton groups of any energy in the interval from 2 to 13 MeV, when using the ordinary 'half-tone' emulsion.
In the present experiments the width at half-maximum of the peak in the curve representing the distribution in energy of the deuterons scattered by helium at 6 = 20° is 0*7 MeV, a value much greater than that obtained previously in the experiments with protons. It can be shown, however, that this result is not due to a reduction in the precision of the range measurements, but is caused by a lack of homogeneity in the energy of the primary deuterons. Thus figure 4 shows typical examples of the distribution in energy of the deuterons scattered from helium at various values of 6 in the range from 15 to 100°. T h e p eak s a re scaled to give th e sam e m ax im u m in te n sity . T h ey h a v e b een d ed u ced from th e observed ra n g e -d istrib u tio n s, using th e a p p ro p ria te ran g e-en erg y re la tio n fo r d eu tero n s a n d assum ing th a t th e em ulsion h as a c o n s ta n t sto p p in g pow er (10 1-46 cm . air). Elastic scattering o f 6*5 M eV deuterons by deuterium and helium
Angular distribution of the elastically scattered deuterons
The observed angular variation of the intensity of the elastically scattered deu terons, when transformed to the centre-of-mass co-ordinate system, is represented in figure 6 (a) . The results are based on the measurement of a total of 5000 tracks at the various values of 6 . In a previous paper it was shown that the scat 4*2 MeV protons by oxygen, nitrogen and carbon nuclei could be accounted for in terms of a formula of Mott & Massey which expresses the scattered intensity in terms of the interaction of the Coulomb term with S, P and other waves. In this formula the amplitude and phase of the $-wave are both defined by a single para meter £0 and curves were given (III, figures 9, 10) corresponding to various values of £0 from 0 to n, the values of the constant a being chosen to correspond to the collision of 4-2 MeV protons with the different nuclei. In the case of the d-ct collision, with 6-6 MeV deuterons, the appropriate value of a is 0-25 and we have calculated similar curves from the formula, putting the para meters £x, £2, etc., equal to zero. The resulting family of curves is similar to that for a = 0-63 previously given and it is clear that the present experimental curve shows more complicated features than can be described by such a simple formula. We have therefore made further calculations taking into account contributions from waves of higher angular momentum, and the results are included in figure 6, curves (6) and (c). The general form of the experimental curve is then found to be reproduced by the theoretical curves, and, in particular, the point of inflexion at ^ = 30°, the fall to a minimum at 70° and the subsequent rise. Curve ( 
The dissociation of deuterons by impact with helions
We referred in a previous paragraph to the particles of shorter range which appear at small values of 6 and which we attributed to disintegration protons. The discriminating power of the emulsion, the difference in the density of tracks produced by protons, deuterons and a-particles of the same range, is not sufficiently great with the ordinary ' half-tone ' emulsion to enable us to identify the short-range tracks by inspection and we have not attempted the method of grain counting for this purpose in this particular case. If we assume that the particles are protons from the reaction He4 + H 2 -> He5 + H1 + Qw e ca range at any particular angle, to an energy scale in terms of Q, the energy release in the reaction (see Appendix). The results for the distribution at different angles can then be assembled together and figure 7 shows the results of measurements of 400 tracks at 12-5, 15, 25, 35, 40 and 45°. There is good evidence from this figure of a peak at Q = -2-9 MeV. If the group of protons composing the peak is attributed to the reaction He4 (d,p) He5, the corresponding mass of He5 is 5-0137 mass units, a value equal to that obtained by Williams, Shepherd & Haxby (1937) in experiments on the a-particles emitted from a lithium target under deuteron bombardment. These authors deter mined the distribution in energy of the emitted a-particles using counter methods of detection. They found evidence for a broad peak, superposed on the continuous distribution of particles from the reaction Li7 + H2 -> 2He4 4-n1, which they attribute to a-particles from the alternative reaction Li7 + H2 -> He4 + He5.
The mass of the He5 nucleus was determined from the mean energy of the a-particles composing the peak. The authors suggest that the breadth of the peak is to be associated with the short mean life time of the recoiling He5 nuclei before each dis sociates into an a-particle and a neutron, a process which the observed mass indicates to be energetically possible. Corresponding to the short lifetime, the mass of a He5 nucleus may have any value in a range defined by the uncertainty principle, and the momentum and energy of the a-particle recoiling from it is correspondingly indefinite.
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MeVdeuterons by deuterium and helium 205 It is reasonable to suppose that the proton group shown by the curves in figure 7 can be interpreted in an analogous manner as due to the formation of short-lived He5 nuclei. The continuous energy distribution of protons on which the peak is super posed is, we suggest, to be attributed to the dissociation of the intermediate nucleus into three particles in accordance with the equation He4 + H 2 -> He4 + H 1 + Whether or not the intermediate formation of He5 plays a role in the collision, the fiqal result is the production of a neutron and a proton so that the process can be regarded as one in which the deuteron is dissociated by impact with a helion.
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D euteron-deuteron scattering
The scattering of 7-0 MeV deuterons by deuterium has been studied over the angular range from 10 to 60°, the observed variation of 1(6) with 6 being shown in figure 8. The peak due to the elastically scattered deuterons forms the dominant feature of the range distribution at all angles, the number of protons and tritons from the reaction H2 + H2 -> H3 + H1 being relatively very small. It is a satisfactory feature of the measurements that the I(<p),(/> curve, in which the results are transformed to the centre of mass co-ordinate system, is symmetrical about the line < $ > ■= \n within the accuracy of the measurements, corresponding to the equivalence of the two interacting particles. A comparison of the results with those for the proton-proton collision (see II, p. 170) shows that we cannot account for the scattering in terms of an interaction between the Coulomb term and an $-wave alone, and that contributions from waves of higher angular momentum are of importance. This is to be expected since the de Broglie wave-length for the collision is 2-4 x 10-13 cm. whilst the estimated range of the nuclear forces is about 7 x 10~13 cm. It is therefore reasonable to expect strong scattering for the wave of angular momentum (Livingston & Bet he 1937). Because of the symmetry of the two particles, only contributions from spherical harmonics of even order will appear, but we have not yet attempted to determine their relative importance. Since the final expression for the scattered intensity appears as the square of the sum of a number of terms involving the different har monics, it is not possible to deduce the magnitude of these terms directly from the observations and a method of trial and error has to be adopted involving laborious computations. I((j>) is in a r b itra ry u n its.
K. M. Guggenheimer, H. Heitler and C. F. Powell
For comparison with theoretical results the actual values of the scattered intensity at the various values of (f>
E X P E R IM E N T S W IT H O X Y G E N
Range distributions from the d-O16 collision; IDENTIFICATION OF THE DISINTEGRATION PARTICLES
Typical range distributions obtained from measurements on the plate taken with oxygen as the scattering gas are shown in figure 9, the angles of scattering being 30, 90 and 150°, respectively. There are four distinct peaks labelled a, d, p x and p 2. The peak (d), which is clearly resolved at all angles, has a range which accords at all values of 6 with that expected for elastically scattered deuterons. We attribute the two peaks p x and p 2 to protons from the reaction O16 (d,p) O17, the two groups corresponding to the formation of O17 in the ground state or in an excited state at 0-83 MeV (Cockcroft & Lewis 1936).
Confirmation of this interpretation of the origin of the long-range particles is provided by the observed changes in the ranges of the two groups with 6. Owing to the relatively small mass of the oxygen nucleus, the motion of the centre of mass in the collision is appreciable and the mean range of the protons in the fastest group decreases from 85 cm. of air at 10° to 47 cm. at 170°. If, as in the case of the helium results, we transform the observations to the centre-of-mass co-ordinate system and express the proton distributions on an energy scale in terms of the energy release, Q, in the reaction, we obtain the result shown in figure 10. The curve is based on the measurements of a total of 4600 proton tracks, made up of 23 sets of 200 each, from observations at different angles ranging from 11 to 165°. This method of analyzing the results provides an exceptionally severe test of the precision of the method. Any departures from the basic assumption about the rangeenergy relation for the emulsion, and any inaccuracies in the determination of E%, or of the measured length of the tracks, will lead to a loss of detail in the proton distribution. In fact the width at half-maximum of the two peaks into which the experimental curve shown in figure 10 is resolved is 0-6 MeV, the value to be anti cipated owing to the observed inhomogeneity in energy of the primary deuteron beam. 
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. A n g u l a r d i s t r i b u t i o n o f t h e d e u t e r o n s ELASTICALLY SCATTERED FROM OXYGEN
The peaks in the range distributions produced by the elastically scattered deu terons are clearly resolved from other groups at all values of 6. The results of inten sity measurements are represented in figure 11 which shows them transformed to the centre-of-mass co-ordinate system. It is clear that the form of the curves, in this case also, can only be interpreted in terms of 8, P , and possibly other waves, inter acting with the Coulomb term, and the dotted curve included in the figure is cal culated from the Mott and Massey formula. The chosen value of, the constant a, 0'68, is appropriate to the mean energy, 6*3 MeV, of the primary deuterons in colli sion with O16. The scales of the theoretical curves are adjusted so that they coincide with the experimental value at 15°.
In this collision process also, the main features of the experimental results are closely similar to those obtained from the theoretical formula when £0, are given suitable values. The agreement is not exact but in view of the considerable changes in the form of the curves which can be brought about by giving £2 a small value different from zero, the agreement can be considered to be satisfactory. The wave length associated with the primary deuterons with a mean energy of 6-3 MeV, in collision with oxygen, is 1*4 x 10-13 cm., and the range of the nuclear forces of the order of 6 x 10~13 cm. It is therefore possible that waves corresponding to = 4 make appreciable contributions to the scattered intensity. If this is so we should expect to find a rather rapid change in the form of the angular distribution with changing values of the energy of the primary deuterons. The angular variation of the intensity of the disintegration protons, which has previously been referred to as angle o f sc a tte rin g , < f> ' F igure 11. E la stic sc a tte rin g o f 6*3 MeV d e u tero n s b y oxygen.
T h eo retica l cu rv e fo = ~r> £i = 77> a = 0-68. 4 6
E X P E R IM E N T S W IT H N IT R O G E N
The range distribution of particles from the N 14 COLLISION; DISINTEGRATION PROTONS
The range distribution of the particles produced at any value of 6 with nitrogen as the scattering gas is exceptionally complex. Figure 12 shows three examples at 0 = 105, 120 and 135°, plotted for convenience on an energy scale assuming all the particles to be protons. As in the work with oxygen we transform the results to the centre-of-mass system and again plot the results for the long tracks on an energy scale, assuming them to be produced by protons. We can compare the results from observations at different angles if we express them in terms of Q, the energy released in the reaction N 14 + H2 N 15 + H1 + Q, and figure 13 shows the resulting distribution based on 3600 long tracks measured at various angles in the interval from 25 to 135°.
At small angles of scattering the dominant peak in the range distribution is that due to the elastically scattered deuterons, peak d, figure 12, and we can calculate the expected range of such particles at other angles. The results represented in figure 13 refer only to measurements with particles of greater range than the values Elastic scattering of 6-5 M eV deuterons by deuterium and helium 211 © 40 20 en erg y in MeV F igure 12. R e su lts o f m e asu rem en ts o f th e le n g th o f tra c k s fro m th e d, N 14 collision, tr a n s fo rm ed fro m a ra n g e d istrib u tio n to a n energy scale assu m in g all tra c k s to be p ro d u c e d b y p ro to n s. T h e p ea k s p 2, p 3, etc., a re d u e to p ro to n s fro m th e re a c tio n N 14 (d, p) N 15; a d u e to a -p a rtic le s p o ssib ly from th e re a c tio n N 14 (d, a) C12, th e C12 n u cleu s b ein g le ft in a n ex c ite d s ta te . T h e p e a k s d a re larg ely d u e to elastica lly s c a tte re d d eu tero n s. so obtained. It will be seen that there is a group p 0, of low intensity, at 8-55 MeV, in good agreement with the known mass of N 15 in the ground state. Whilst the intensity of this group is certainly very low it is stronger, relative to the others, than is indicated in figure 13 . The corresponding tracks are so long that with the angle of approach employed in the camera, a large proportion of them pass through the emulsion into the glass, and, since the range of such tracks is indefinite, they are not included in the analysis.
The prominent groups at Q = 0-3, T3 and 3-5 MeV, marked p 4, and in figure 13, correspond to excited states in N 15 at 8-2, 7-2 and 5-0 MeV respectively. From the evidence provided by the variation with angle of the intensity of these groups, it seems likely that the first two are doublets which are unresolved in the present measurements because of the energy spread of the primary deuteron beam. In addition to these groups there is some evidence for a group at Q -2-5 MeV corresponding to an excited state in N 15 at 6*0 MeV. The complexity of the proton distribution emphasizes the importance of making experiments with a more homo geneous deuteron beam so that the full resolution possible with the method can be employed. Especially with the new emulsions now available it should be possible K. M. Guggenheimer, H. Heitler and C. F. Powell T 200 energy increase, Q in MeV F igure 13. P ro to n s from th e re a c tio n N 14 (d, p) N 15. D istrib u tio n in te rm s o f th e energ y release, Q. 3600 tra c k s ta k e n from observ atio n s a t tw elv e d ifferen t angles b etw een 15 a n d 135°.
to obtain peaks with a width at half-maximum of 100 keV which would allow us to resolve doublets with a separation greater than 0-2 MeV and to study the angular variation of their intensity, if sufficiently homogeneous beams of primary particles can be produced.
The particles of short range
The tracks of short range shown in figure 12 are distributed in a number of groups which correspond in range with that expected if they arise from the d, a, reaction N 14 + H2 -> C12 + He4. The a-particle group from this reaction, corresponding to the formation of the C1 1 12 in the ground state, should nearly coincide in range with the elastically scattered deuterons and the two groups would not be resolved in the conditions of the experiment. The excited states of C12 at 4-3 and 7-3 MeV are well established (Bonner & Brubaker 1936; Powell 1943) and the ranges of the peaks marked <xx and a 2 correspond to the formation of the C12 in these two states respec tively. It is possible that there is also an unresolved, overlapping distribution of protons from the d, p reaction in this region, but grain counts on the tracks that they are probably few in number relative to the a-particles.
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Angular distribution of the elastically scattered deuterons
In spite of the possibility of confusion due to an overlapping a-particle group, we have studied the variation with angle of the prominent group which is mainly due to elastically scattered deuterons. The results are shown in figure 14 and will be seen to display the same features as shown by the corresponding curve for oxygen. The similarity is so close that if the two curves, normalized at 60°, are superposed they are found to coincide to within the accuracy corresponding to the statistical fluctuations arising from the finite number of tracks measured at any angle; a result which indicates that the disturbance due to a-particles, in the experiments with nitrogen, is small. This striking result strongly suggests that the angular distribution of the elastically scattered deuterons is not affected by competition from alternative processes and that it can be simply interpreted in terms of the wave-length appro priate to the collision and the range of the nuclear forces.
K. M. Guggenheimer, H. Heitler and C. F. Powell energ y release, Q in MeV With carbon the study of the elastic scattering is rendered very difficult owing to the overlapping proton group. In view of the additional complications at small angles arising from elastic scattering by hydrogen, we have not attempted to study the variation with angle of the scattered intensity. Such an analysis may become possible with the new emulsions, using a more homogeneous primary beam, and a thin carbon target.
E X P E R IM E N T S W IT H N E O N
14. In view of the great complexity of the range distributions obtained with neon as the scattering gas and the complications associated with the presence of more than one isotope, we have made no extended measurements on plate D.20. A preliminary survey shows that protons and a-particles are present in the scattered beam in considerable intensity and that it will be necessary to make experiments with separated isotopes.
Preliminary experiments with argon and with a thin aluminium foil indicate that with these elements the elastically scattered deuterons give rise to the most pro minent groups in the range distributions at all angles and that there is no serious confusion arising from the presence of disintegration particles.
The experiments described in this paper were undertaken as part of an extended programme in association with Sir James Chadwick and his collaborators in Liver pool, and with Dr A. N. May. Owing to the war we alone were able to proceed with the measurements and we are indebted to them for their concurrence in our proposal to publish the results here presented.
A P P E N D IX
The following approach to the problem of transforming the observations to the centre-of-mass co-ordinate system is well known. In the conditions of our experi ments, however, exact numerical calculations are arduous because of the variation of Eq with 6. For the convenience of other observers we indicate the approximations which can be employed without a significant loss of precision.
Corresponding to given values of E0 and Q, can thus be determined. The relation between the angle of ejection of the proton in the centre-of-mass and laboratory systems of co-ordinates can then be found. Thus from figure 16 (b) we see that and < }> = 6 + sin 8 _ sin 6 v/9 ' sin 6' vsin# 9vx '
so that the value of < J > corresponding to any value of 6 can be determined.
From ( In the conditions of our experiment Eq, and therefore vx and vary with 6. It is a sufficient approximation, however, to take the mean value E \n, and the corre sponding value of vXi to determine a value of k which is treated as independ
Transformation of range distribution to an energy distribution in terms
To transform a given range distribution of the disintegration protons to an energy scale in terms of Q we calculate the energy of the protons Q emitted at angle 6 sin2 and corresponding to an energy release Q. 
